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ABSTRACT
DEVELOPMENT OF SYNTHETIC STRATEGIES TO AFFORD PRODUCTS WITH
BIORENEWABLE CARBON AND SYNTHESIS OF SUPERELECTROPHILIC
INTERMEDIATES AS WELL AS VARIOUS PRELIMINARY STUDIES
Sean P. Mc Ilrath, M.S.
Department of Chemistry and Biochemistry
Northern Illinois University, 2015
Douglas A. Klumpp, Director
This thesis describes two main areas of research. The first is the development of synthetic
strategies to afford products with biorenewable carbon. Biodiesel has been widely accepted as a
plausible alternative to replace petroleum based products for transportation purposes. These biobased diesel fuels are commonly referred to as fatty acid methyl esters (FAME’s), because of the
long fatty acid hydrocarbon chain that is attached to ester functionality. The ability to modify
FAME’s allows for an improvement in properties such as density, viscosity, volatility, and
gelation points simply by incorporating increasing degrees of unsaturation, shortening carbon
chains, and adding aromaticity which results in a blended fuels with increased performance.
These modifications may be accomplished through catalytic reforming; utilizing crossmetathesis of the C-C double bond in FAME and the C-C double bond in light olefins. This area
of research also seeks new bio-derived octane additives through the alkylation of furans followed
by subsequent hydrogenation to achieve highly branch alkanes. Furans are derived from
biorenewable sugars through the oxidative dehydration of hexoses. In the case of octane
additives we are seeking to create more hydrocarbon species derived from biorenewable
resources that will resist premature ignition during compression. Reactions such as the Friedel-

Crafts alkylation and the electrophilic addition reactions were attempted. These types of
reactions are used to alkylate aromatic rings through use of acidic catalysis.
The second area of research is the synthesis of superelectrophilic intermediates to afford
important heterocyclic products. We sought to utilize the aza-Diels-Alder type reaction in which
we will be using conjugated nitrogen dienes along with low cost ethylene to create new efficient
routes to synthesis N-heterocycles. Since we wanted to use ethylene, a cheap light olefin from
the petroleum industry, as our dienophile we will have to create an electrophilic diene to allow
for inverse electron demand cycloaddition, since ethylene alone is a poor dienophile. Through
the use of acidic media we were able to make our aza-diene superelectrophilic causing a decrease
in it LUMO energy resulting in an overall lower energy barrier to overcome for cyclization.
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CHAPTER 1
BACKGROUND AND INTRODUCTION

1.1. Biorenewable Carbon
Biorenewable resources are comprised of organic material that comes from a present day
biological origin. The more common biorenewable resources utilized in industry are grown,
however any biological systems may be utilized such as forests, prairies, marshes, ocean
biomass, and biological waste. The vital components of these bio-sources would be proteins,
oils, and carbohydrates.1 It is these essential building blocks of life that allow us to synthetically
transform chemicals from plants into useful commodity chemicals. Biofuels specifically,
encompass biorenewable components that display appropriate volumetric energy densities as
well as combustion characteristics. Due to the complex incorporation of the vital components
within the natural derivatives it is more likely to find the use of plant fibers in the commercial
sectors. Recently, it has become the chemical industry’s task to find ways to break down plant
matter in an efficient manor to fully utilize the biorenewable resource to their fullest extent.
In principle, all organic compounds can be synthesized from biorenewable resources. The
most common chemicals produced from bio-sources are oxygenated organic containing
compounds. As a highlight these compounds can be found as furfural’s used to make furan resins
for the metal casting industry, lactic acid used widely as a food preservative and flavoring,
gluconic acid used for cleaning metal surfaces in the foodservice industry, xylitol which can be
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found in foods as a sweetener, sorbitol produced from sucrose for use cosmetics, toiletries, and
snacks. In addition, many plant materials are utilized for their cellulose.2 These cellulose
derivatives can be found as cellulose ether also known as cellophane, cellulose acetate fibers
used widely in the textile industry and rayon which is a synthetic fiber that is regenerated from
cellulose derivatives.2 The limit to what can be derived from biorenewable materials is only
limited by time. With a growing awareness of dwindling petroleum resources the ability to
utilize synthetic techniques such as hydrogenation, thermolysis, and oxidation to convert
biorenewables into commodity chemicals will become more prevalent.

1.2. Superelectrophilic Chemistry
Superelectrophiles are multiple charged cationic species. These highly charged species
may have different confirmations based upon charge migration. The two types are gitonic (close)
and distonic (distant) which are based upon the distance between the centers of the charges.
Gitonic results from a distance of no more than one carbon or heteroatom, while distonic are two
or more carbon or heteroatoms.3 Professor Klumpp and his research group (NIU Dept. of
Biochemistry and Chemistry) are among the leading researchers in this area with a focus on
superacid mediated transformations as well as superelectrophilic intermediates. As a member of
Prof. Klumpp’s research group we seek to further understand these highly charged systems and
use this understanding to explore new synthetic strategies. Herein, new strategies for developing
N-heterocycles based upon superelectrophilic intermediates will be discussed further in Chapter
4. Reaction and reference numbering is unique to each chapter.
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CHAPTER 2
REFORMING BIODIESEL FUELS VIA METATHESIS WITH LIGHT OLEFINS
2.1. Introduction1
Fuel has become an influential part of our modern global economy. Specifically, petrobased fuels have made it possible for some countries to become the economic powerhouses they
are today. Recently, environmental specialists and climatologists have determined that the rapid
consumption of the petro-based fuels has led up to the inevitable repercussions of climate change
as a result of our fuel focused economies.2 As such we have begun to focus our technologies and
research on alternative based fuel/energy sources.
Biodiesel has been widely accepted as a plausible alternative to replace petroleum based
products for transportation purposes. Bio-based diesel fuels derived from corn using a methoxide
catalyst can also be referred to as fatty acid methyl esters (FAME’s), because of the long fatty
acid hydrocarbon chain that is attached to ester functionality. FAME’s are acquired through the
process of esterification of various waste materials, animal fats, and plant oils such as corn,
peanut, and palm oil.3 The ability to modify the FAME’s allows us to improve properties such as
density, viscosity, volatility, and gelation points simply by incorporating increasing degrees of
unsaturation, shortening carbon chains, and adding aromaticity which results in a blended fuel
with greater energy content and increased combustion capabilities than its parent compound.3
However, there are many hurdles that need to be overcome before FAME’s can become a
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routinely used fuel source. These challenges include highly saturated feedstock which results in
biodiesel solidifying above 0ºC, and increased viscosity due to the permanent dipole of
heteroatoms such as oxygen resulting in stronger intermolecular interactions.3 To overcome these
challenges one may modify the FAME’s in a way to create short chain fatty acids (smaller
surface area) to help decrease viscosity as well as increase volatility.3 The melting point (mp) of
bio-fuels may be improved by introducing branching to the hydrocarbon which results in
decreased pack-ability and also by retaining units of unsaturation will help decrease the melting
point as seen by these C18 fatty acids, stearic acid no double bonds with a melting point of 69ºC,
oleic acid 1 double bond with a melting point of 13ºC, and linoleic acid 2 double bonds with a
melting point of -7ºC.3
Modification of these unsaturated fatty acids has been routinely transformed by chemical
conversion of the carbon-carbon double bond. These chemical modifications include but are not
limited to oxidation, hydrogenation, hydroboration, and olefin metathesis to create novel
derivatives of these oils. Olefin metathesis is a great method for incorporating new functionality
as well as modification of unsaturated substrates. These types of modifications have been
demonstrated with both unsaturated triglycerides and the esters of unsaturated fatty acids through
cross-metathesis with a variety of olefins (small unsaturated alkyl compounds). Thus, this
approach suggests that similar manipulations may be performed with FAME biodiesel to help
improve its properties as a fuel. When considering which light olefins to use one must keep in
mind all the different aspects that help increase fuel properties such as melting point, viscosity,
and volatility. High-volume petrochemicals are a cost effective and abundant source of branched
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olefins such as isobutylene and aromatic olefins like styrene. All of these modifications may be
accomplished through catalytic reforming; utilizing cross-metathesis of the C-C double bond in
FAME and the C-C double bond in the light olefin to achieve a fuel with increased performance
above that of the parent FAME. In the following section, the methods used to achieve modified
corn FAME’s will be presented.

2.2. Results and Discussions1
2.2.1. FAME mixture and light olefins
Base-catalyzed transesterification of corn oil with methanol was performed to obtain a
representative FAME mixture to be used for analysis. The product showed a mixture of primarily
methyl palmitate (1), methyl oleate (2), methyl linoleate (3), and methyl stearate (4), Figure 2.1.
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O
O

10.9%

O

26.1%

O

57.0%

O

2.2%

1. Methyl Palmitate
O

2. Methyl Oleate
O

3. Methyl Linoleate
O

4. Methyl Stearate

Figure 2.1. Major components and relative amounts of FAME’s from corn biodiesel, analysis
by GC-MS and GC-FID.1
This FAME mixture is comprised of C16 and C18 fatty acid esters with an average molecular
weight around 295 g/mol. As observed in Figure 2.1, over 80% of the FAME mixture is
comprised of (2) and (3) which have unsaturated carbon-carbon bonds useful for olefin
metathesis. To perform the cross-metathesis reactions a catalyst that has high catalytic activity
and solubility as well as air and moisture stability is desired. Grubbs 2nd generation catalyst (5,
Grubbs 2; Figure 2.2) has previously been used for the ethenolysis of FAME mixtures and
therefore4, it is an ideal candidate for cross-metathesis. Incorporation of branching into the
hydrocarbon chain is obtained through cross-metathesis reactions with branched, light olefins
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(A-E), and aromaticity is introduced through cross-metathesis with aromatic structures (F,
phenyl groups).
Catalyst:

Olefins:

Mes N
Cl
Cl

N Mes
Ru

A. Isobutylene

B. 3-methyl-1butene

D. 3,3-dimethyl-1butene

E. 4-methyl-1pentene

Ph

C. Isoprene

PCy3

5. Grubbs 2

F. Styrene

Figure 2.2. Catalyst and olefins used in the metathesis reaction of FAME biodiesel.1
2.2.2. Cross-metathesis with methyl oleate
Methyl oleate (2) is found to be a major component in FAME mixtures derived from corn,
canola, sunflower, soybean and several other oils. Cross-metathesis reactions were performed
with pure methyl oleate and olefins A-F in addition; the methyl oleate will undergo selfmetathesis in the presence of metathesis catalysts such as Grubbs 2. The product mixtures were
characterized by GC-MS to verify each component in solution and GC-FID to determine % yield
as well as to demonstrate increased volatility observed by a decrease in the response factor for
the product mixtures individual components.
In the self-metathesis of methyl oleate GC-MS/GC-FID confirms stereoisomeric mixtures of
products 6 18% yield and 7 28% yield from a self-metathesis reaction, as well as unreacted
methyl oleate (2), Scheme 2.1.

Scheme 2.1. Self –metathesis of methyl oleate (2).
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In the cross-metathesis of methyl oleate and isobutylene (A) GC-MS/GC-FID confirms
stereoisomeric mixtures of products 6 16% yield and 7 15% yield from a self-metathesis
reaction, along with cross-metathesis products 8 3% yield, 9A 11% yield, and 10A 15% yield;
where 9A and 10A contain branched hydrocarbon chains. In addition, unreacted methyl oleate
(2) 35% yield was recovered along with an unidentified product with MW 152 g/mol was
obtained in 5% yield, Scheme 2.2.
In the cross-metathesis of methyl oleate and 3-methyl-1-butene (B) GC-MS/GC-FID
confirms stereoisomeric mixtures of product 6 3% yield from a self-metathesis reaction and
unreacted methyl oleate (2) 6% yield. Cross-metathesis products observed were 8 12% yield, 9B
29% yield, 10B 33% yield, and an unidentified product with MW 152 g/mol was obtained in
14% yield. It can also be concluded that ethylene is produced; however the volatile gas was not
analyzed, Scheme 2.3.

Scheme 2.2. Cross –metathesis of methyl oleate (2) and isobutylene (A).
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Scheme 2.3. Cross –metathesis of methyl oleate (2) and 3-methyl-1-butene (B).
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In the cross-metathesis of methyl oleate and isoprene (C) GC-MS/GC-FID confirms
stereoisomeric mixtures of products 6 13% yield and 7 5% yield from a self-metathesis reaction
and unreacted methyl oleate (2) 70% yield. Cross-metathesis products observed were 8 2% yield,
9C 4% yield, 10C 4% yield, and an unidentified product with MW 152 g/mol was obtained in
2% yield. It can also be concluded that ethylene is produced; however the volatile gas was not
analyzed, Scheme 2.4.
In the cross-metathesis of methyl oleate and 3,3-dimethyl-1-butene (D) GC-MS/GC-FID
confirms stereoisomeric mixtures of products 6 28% yield and 7 23% yield from a selfmetathesis reaction and unreacted methyl oleate (2) 44% yield. Cross-metathesis products
observed were 8 <1% yield, 9D 2% yield, 10D 3% yield, and an unidentified product with MW
152 g/mol was obtained in <1% yield. It can also be concluded that ethylene is produced;
however the volatile gas was not analyzed, Scheme 2.5.

Scheme 2.4. Cross –metathesis of methyl oleate (2) and isoprene (C).
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Scheme 2.5. Cross –metathesis of methyl oleate (2) and 3,3-dimethyl-1-butene (D).
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In the cross-metathesis of methyl oleate and 4-methyl-1-pentene (E) GC-MS/GC-FID
confirms stereoisomeric mixtures of products 6 7% yield and 7 5% yield from a self-metathesis
reaction and unreacted methyl oleate (2) 14% yield. Cross-metathesis products observed were 8
11% yield, 9E 19% yield, 10E 20% yield, and an unidentified product with MW 152 g/mol was
obtained in 10% yield. In addition, a self-metathesis of the light olefin E was observed D1 9%
yield. It can also be concluded that ethylene is produced; however the volatile gas was not
analyzed, Scheme 2.6.
In the cross-metathesis of methyl oleate and styrene (F) GC-MS/GC-FID confirms
stereoisomeric mixtures of products 6 4% yield and 7 6% yield from a self-metathesis reaction
and unreacted methyl oleate (2) 9% yield and styrene (F) 5% yield. Cross-metathesis products
observed were 8 4% yield, 9F 21% yield, 10F 20% yield, and an unidentified product with MW
152 g/mol was obtained in 3% yield. In addition, a self-metathesis of the styrene (F) was
observed D2 25% yield. It can also be concluded that ethylene is produced; however the volatile
gas was not analyzed, Scheme 2.7.

Scheme 2.6. Cross –metathesis of methyl oleate (2) and 4-methyl-1-pentene (E).
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Scheme 2.7. Cross –metathesis of methyl oleate (2) and styrene (F).
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2.2.3. Cross-metathesis with corn FAME’s
Similar results are observed for the metathesis of corn FAME’s with light olefins as that of
the methyl oleate (2). The catalytic reforming of the corn biodiesel with olefins (A-F) allows for
a product mixture of decreased average molecular weight, increased volatility, and incorporation
of branching and aromatic groups (phenyl). Methyl oleate (2) and methyl linoleate (3) both
contain units of unsaturation along their hydrocarbon chain and therefore upon self-metathesis
yield several types of alkenes and diester functionality. Respectively methyl palmitate (1) and
methyl stearate (4) do not contain any units of unsaturation along their hydrocarbon chain and
therefore it is not expected that any cross or self-metathesis products to be formed. The product
mixtures were characterized by GC-MS to verify each component in solution and GC-FID to
determine % yield as well as to demonstrate increased volatility observed by a decrease in the
response factor for the product mixtures individual components.
In the self-metathesis of corn FAME’s GC-MS/GC-FID confirms stereoisomeric mixtures of
products 6 15% yield, 7 <1.0% yield, 13 8% yield, 14 8% yield, and 15 19% yield from a selfmetathesis reaction and unreacted corn FAME’s 1 (methyl palmitate) 8% yield, 2 (methyl oleate)
8% yield, 3 (methyl linoleate) 11% yield and 4 (methyl stearate) 2% yield, Scheme 2.8.

Scheme 2.8. Self –metathesis of corn FAME.
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In the cross-metathesis of corn FAME’s and isobutylene (A) GC-MS/GC-FID confirms
stereoisomeric mixtures of products 6 2% yield, 13 3% yield, 14 6% yield, 15 14% yield, and 7
3% yield from a self-metathesis reaction and unreacted corn FAME’s 1 (methyl palmitate) 11%
yield, 2 (methyl oleate) 7% yield, 3 (methyl linoleate) 3% yield, and 4 (methyl stearate) 2%
yield. Cross-metathesis products observed were 8 3% yield, 9A 9% yield, 10A 8% yield, 11A
6% yield, and two unidentified products with MW 152 g/mol obtained in 4% yield and MW 180
g/mol obtained in 1% yield, Scheme 2.9.
In the cross-metathesis of corn FAME’s and 3-methyl-1-butene (B) GC-MS/GC-FID
confirms stereoisomeric mixtures of products 6 5% yield, 13 4% yield, 14 5% yield, 15 9% yield
from a self-metathesis reaction and unreacted corn FAME’s 1 (methyl palmitate) 6% yield, 2
(methyl oleate) 3% yield, 3 (methyl linoleate) 1% yield, and 4 (methyl stearate) <1% yield.
Cross-metathesis products observed were 8 7% yield, 9B 16% yield, 10B 7% yield, 11B 13%
yield, and two unidentified products with MW 152 g/mol obtained in 4% yield and MW 222
g/mol obtained in 5% yield, Scheme 2.10.

Scheme 2.9. Cross –metathesis of corn FAME and isobutylene (A).
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Scheme 2.10. Cross –metathesis of corn FAME and 3-methyl-1-butene (B).
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In the cross-metathesis of corn FAME’s and isoprene (C) GC-MS/GC-FID confirms
stereoisomeric mixtures of products 6 9% yield, 13 4% yield, 14 5% yield, 15 14% yield from a
self-metathesis reaction and unreacted corn FAME’s 1 (methyl palmitate) 10% yield, 2 (methyl
oleate) 28% yield, 3 (methyl linoleate) 16% yield, and 4 (methyl stearate) 2% yield. Crossmetathesis products observed were 8 4% yield, 9C 4% yield, 11C 2% yield, and an unidentified
product with MW 152 g/mol obtained in <1% yield, Scheme 2.11.
In the cross-metathesis of corn FAME’s and 3,3-dimethyl-1-butene (D) GC-MS/GC-FID
confirms stereoisomeric mixtures of products 6 18% yield, 13 12% yield, 14 14% yield, and 15
29% yield a self-metathesis reaction and unreacted corn FAME’s 1 (methyl palmitate) 8% yield,
2 (methyl oleate) 7% yield, 3 (methyl linoleate) 5% yield, and 4 (methyl stearate) <1% yield.
Cross-metathesis products observed were 8 <1% yield, 9D 3% yield, 11D <1% yield, and an
unidentified product with MW 152 g/mol obtained in <1% yield, Scheme 2.12.

Scheme 2.11. Cross –metathesis of corn FAME and isoprene (C).

24

Scheme 2.12. Cross –metathesis of corn FAME and 3,3-dimethyl-1-butene (D).
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In the cross-metathesis of corn FAME’s and 4-methyl-1-pentene (E) GC-MS/GC-FID
confirms stereoisomeric mixtures of products 6 2% yield, 13 3% yield, 14 3% yield, 15 6% yield,
and D1 13% yield from a self-metathesis reaction and unreacted corn FAME’s 1 (methyl
palmitate) 5% yield, 2 (methyl oleate) 2% yield, 3 (methyl linoleate) <1% yield, and 4 (methyl
stearate) <1% yield. Cross-metathesis products observed were 8 8% yield, 9E 13% yield, 10E
7% yield, 11E 14% yield, and three unidentified products with MW 152 g/mol obtained in 5%
yield, MW 180 g/mol obtained in 4% yield, and MW 124 g/mol obtained in 4% yield, Scheme
2.13.
In the cross-metathesis of corn FAME’s and styrene (F) GC-MS/GC-FID confirms
stereoisomeric mixtures of products 6 2% yield, 13 2% yield, 14 3% yield, 15 4% yield, and D2
15% yield from a self-metathesis reaction and unreacted corn FAME’s 1 (methyl palmitate) 3%
yield, 2 (methyl oleate) <1% yield, 3 (methyl linoleate) 4% yield, 4 (methyl stearate) <1% yield,
and F (styrene) 12%. Cross-metathesis products observed were 8 6% yield, 9F 8% yield, 10F 4%
yield, 11F 17% yield, and two unidentified products with MW 152 g/mol obtained in 4% yield
and MW 144 g/mol obtained in 6% yield, Scheme 2.14.

Scheme 2.13. Cross –metathesis of corn FAME and 4-methyl-1-pentene (E).
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Scheme 2.14. Cross –metathesis of corn FAME and styrene (F).
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2.2.4. Biorenewable carbon
It is important to note that the fuel mixtures obtained through the metathesis of corn
FAME’s with light olefins (A-F) is composed of a significant portion of biorenewable carbon.
All the self-metathesis products (6, 14, 15) contain 100% of biorenewable carbon while the
cross-metathesis hydrocarbon products (8, 9A-F, 11A-F) contain between 46% to 90%
biorenewable carbon, Figure 2.3.

Figure 2.3 . Biorenewable carbon: (2) bio -carbon through cross -metathesis with (B) petro -carbon
produces [in brackets] (2) and (6) with 100% bio -carbon due to self -metathesis. While (8), (9B), and
(10B) retains 90%, 69%, and 71% bio-carbon respectively from cross-metathesis with (B).
30
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2.3. Conclusions1
The results of this study have shown us that corn-derived biodiesel or FAME’s can be
catalytically reformed using olefin cross-metathesis reactions with light olefins to afford a
variety of highly branched alkyl derivatives confirmed by GC-MS/GC-FID. The resulting
product mixture in turn exhibits more desirable properties such as increase volatility through
branched hydrocarbon chains observed by decreases in the response factor for individual
components of the product mixture against those of the starting material through analysis using
GC-FID. The Grubb’s 2nd generation catalyst is shown to perform self and cross-metathesis
reaction with corn FAME’s resulting in good conversions. In addition, reformulating the corn
biodiesel does require use of petro-based olefins however, the resulting product mixture contains
a desirable amount of biorenewable carbon, thus the fuel more so exhibits conventional
properties of petro-fuels, but with a more “carbon neutral” foot print.

2.4. Materials and Methods1
2.4.1. General
Consumer-grade corn oil was used in the preparation of FAME biodiesel fuel. All olefins,
solvents, methyl oleate, and Grubbs 2nd generation catalyst ([1,3-Bis-(2,4,6-trimethylphenyl)-2imidazolidinylidene]dichloror(phenylmethylene)(tricyclohexylphosphine)ruthenium)

were

purchased from commercial suppliers and used as received. Samples were analyzed using
commercial GC-FID and GC-MS instruments equipped with capillary DB-5 columns. The
metathesis product distributions were obtained from pear area integration obtained from the GC-
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FID instrument. FID relative response factors were evaluated for pure compounds (methyl
stearate, methyl oleate, and 1-octene) against an external standard (naphthalene). Molecular
weights were determined from mass spectra and the components were identified with reference
to a NIST mass-spectra library. Reactions with isobutylene were performed in a mechanically
stirred, high-pressure reactor equipped with a glass-lined reactor vessel. Reaction vessels were
flushed with argon prior to their use.

2.4.2. Preparation of corn FAME’s
Food grade corn oil (100 mL) is combined with methanol (15 mL) and NaOH (10M, 1
mL) in a seperatory funnel. The mixture was then shaken for several minutes followed by brine
washes (3x). The organic layer (clear) is collected and dried over MgSO4 and filtered through a
silica gel plug.

2.4.3. Cross-metathesis reaction of methyl oleate
Procedure A: methyl oleate (0.2 g, ca. 0.67 mmol) and the olefin substrate are combined
(ca. 1.0 mmol of 3-methyl-1-butene, 4-methyl-1-pentene, or 3,3-dimethyl-1-butene; ca. 0.67
mmol of styrene; ca. 0.33 mmol isoprene) and dissolved in CH2Cl2 (2 mL). Next, Grubbs 2
catalyst (11.45mg , 2 mol%) is stirred into solution. The reaction is set to stir at 25ºC for 6 hr, the
product mixture is then filtered through a pack of chromatography grade silica gel to remove
catalyst. Procedure B: Isobutylene (ca. 10 mL) is condensed into a cooled flask (-78ºC). Methyl
oleate (1.0 g, ca. 3.4 mmol) is dissolved in CH2Cl2 (10 mL) and placed into the glass-lined
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pressure reactor and then cooled to -78ºC. Next, the isobutylene solution is added to the pressure
reactor along with Grubbs 2 catalyst (57 mg, ca. 2 mol%). The solution is warmed up to 25ºC in
the sealed reactor and stirred for 6 hr. The product mixture is then filtered through a pad of
chromatography grade silica gel to remove catalyst.

2.4.4. Cross-metathesis reaction of corn FAME’s
Procedure A: self-prepared corn FAME’s (4 mL, ca. 12.3 mmol) is combined with the
olefin substrate (ca. 18.5 mmol of 3-methyl-1-butene, 4-methyl-1-penten, or 3,3-dimethyl-1butene; ca. 12.3 mmol of styrene; ca. 6.2 mmol isoprene). Next, Grubbs 2 catalyst (24 mg) is
added to the mixture and stirred at 25ºC for 6 hr then filtered through a pack of chromatography
grade silica gel to remove catalyst. Procedure B: Isobutylene (ca. 10 mL) is condensed into a
cooled flask (-78ºC). Corn FAME’s (10 mL, ca. 30.7 mmol) is added to the cooled isobutylene
and added to the glass-lined pressure reactor. Then, Grubbs 2 catalyst (60 mg) is added and
vessel is sealed. The mixture stirred for 6 hr then filtered through a pad of chromatography grade
silica gel to remove catalyst.
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CHAPTER 3
ALKYLATION OF FURAN TO AFFORD NEW OCTANE DERIVATIVES
3.1. Introduction
The challenges that will be addressed in this research will be to seek new bio-derived
octane additives. Furans are derived from biorenewable sugar through the oxidative
dehydration of hexoses, Figure 3.1. When choosing a fuel additive one must seek a molecule
that will result in the same if not better properties than that of the unaccompanied petro-fuel.
In the case of octane additives we are seeking more hydrocarbon species that will resist
premature ignition during compression. High performance engines require higher octane
levels due to their extremely high compression ratios to achieve greater torque and power.1
Through the synthesis of highly branched alkanes from furan derivatives we hope to achieve
an octane additive that exhibits properties similar to the high energy fuels derived from
petroleum.

Figure 3.1. Formation of furan derivatives from biorenewable sugars (hexose).2
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The most obvious type of reaction to achieve alkylation of aromatic systems is the
Friedel-Crafts type alkylation reaction. This reaction is among the most useful electrophilic
aromatic substitution reactions used in the chemical industry. Friedel-Crafts alkylation may
be carried out by treating an aromatic compound with an alkyl halide in the presents of a
Lewis acid. Through the addition of a Lewis acid a carbocation electrophile intermediate will
be formed on the alkyl halide. This intermediate is then attacked by the nucleophilic aromatic
compound resulting in an alkylated aromatic system, Scheme 3.1.
Scheme 3.1. Mechanism of the Friedel-Crafts alkylation reaction of benzene with 2chloropropane.3
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Another approach to achieve an alkylated furan is through an electrophilic addition reaction
with an alkene also known as a hydroarylation reaction. This reaction occurs via the addition
of an electrophile, such as a Brønsted-Lowry acid or a protic Lewis acid, to the alkene to
create a carbocation electrophile. This is then followed by attack of the added nucleophile to
result in the alkylated aromatic compound, Scheme 3.2.
Scheme 3.2. Mechanism of the hydroarylation reaction of 2,3-butylene and benzene.4
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Following alkylation of the furan, hydrogenation could provide highly branched alkane
derivatives. These may be achieved through the use of Ru, Pd, or Pt catalysts supported on
platforms such as ceria, magnesia-zirconia, and γ-alumina discovered by Prof. James
Dumesic of UW Madison for the hydrogenation of 5-hydroxymethylfurfural, Scheme 3.3.5
Scheme 3.3. Proposed hydrogenation of furan derivatives to achieve highly branched
alkanes.5

3.2. Results and Discussions
A variety of furan’s including furan (Table 3.11), 2,5-dimethyl furan (Tables 3.1 and
3.2), 2-methyl furan (Tables 3.3-3.7), and 5-methyl furfural (Tables 3.8-3.10) were reacted
with various electrophile precursors 1-octene (Tables 3.1 and 3.4), 2-chloropropane (Tables
3.2, 3.3, 3.8, and 3.11), cyclohexene (Table 3.5), isopropyl acetate (Tables 3.6 and 3.9), and
tert-butyl acetate (Tables 3.7 and 3.10) in the attempt to alkylate the furan derivatives.
Several acidic catalysts were screened including solid acids, Lewis acids, protic acids, as well
as a few basic and amphoteric catalysts. As observed in the results column of Tables 3.1 –
3.11 there were no successful conversions to the targeted products. As indicated either
starting material and/or oligomers were recovered from the reaction mixtures. These reaction
mixtures were analyzed by GC-FID, 1H NMR and/or TLC.
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Table 3.1. Reaction of 2,5-dimethyl furan (16) and 1-octene (20).

Reaction #
1a,c

Furan
(equiv.)
16 (1)

Electrophile
Precursor (equiv.)
20 (1)

Catalyst
(equiv.)
MCM-41 Zeolite/AlCl3
(0.15/0.15)
Nafion SAC-13 (0.1 g)

2a,c

16 (1)

20 (1)

3a,c

16 (1)

20 (1)

4b,c

16 (1)

20 (1)

Nafion SAC-13/TfOH (0.1
g/0.3)
Nafion SAC-13 (0.1 g)

5a,d

16 (1)

20 (1)

TfOH (0.36)

6a,d

16 (1)

20 (0.67)

7b,d

16 (1)

20 (0.67)

8a,d

16 (1)

20 (0.23)

Montmorillonite K10/AlCl3
(0.1 g/0.02)
Sulfated Zr(IV) hydroxide
(0.07)
Trifluoroacetic acid (0.4)

9a,d

16 (1)

20 (0.67)

Amberlite resin (0.5 g)

Results
16f (0.13%)
20f (99.7%)
16f (0.58%)
20f (95.2%)
oligomerg
20g
16g
20g
oligomerg
20g
16g
20g
oligomer
20f (>99%)
oligomerg
20g
16g
20g

(a) Anhydrous dichloromethane used as solvent. (b) No solvent. (c) Refluxed/high temperature. (d) Room temperature. (e) Anhydrous
benzene used as solvent. (f) Analysis by GC-FID (g) Analysis by 1H NMR.

Table 3.2. Reaction of 2,5-dimethyl furan (16) and 2-chloropropane (21).
O

Reaction #
10a,d

O

Cl

16

21
Furan
(equiv.)
16 (1)

Electrophile
Precursor (equiv.)
21 (1)

Catalyst
26
Catalyst
(equiv.)
AlCl3 (0.14)

Results
16g
21g

(a) Anhydrous dichloromethane used as solvent. (b) No solvent. (c) Refluxed/high temperature. (d) Room temperature. (e) Anhydrous
benzene used as solvent. (f) Analysis by GC-FID (g) Analysis by 1H NMR.
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Table 3.3. Reaction of 2-methyl furan (17) and 2-chloropropane (21).

Reaction #
11a,d

Furan
(equiv.)
17 (1)

Electrophile
Precursor (equiv.)
21 (1)

Catalyst
(equiv.)
AlCl3 (0.04, 0.4)

12b,d

17 (1)

21 (1)

ZnCl2 (0.01)

13a,d

17 (1)

21 (1)

CuCl (0.17)

14b,d

17 (1)

21 (1)

ZnO (0.5)

15b,d

17 (1)

21 (1)

ZnO/HCl (0.5/0.3)

16b,d

17 (1)

21 (1)

5 wt% FeCl3 on SiO2 (0.06)

17b,d

17 (1)

21 (1)

FeCl3 (0.02, 0.07)

Results
oligomerg
21g
oligomerg
21g
oligomerg
21g
oligomerg
21g
oligomerg
21g
17g
21g
oligomer

(a) Anhydrous dichloromethane used as solvent. (b) No solvent. (c) Refluxed/high temperature. (d) Room temperature. (e) Anhydrous
benzene used as solvent. (f) Analysis by GC-FID (g) Analysis by 1H NMR.

Table 3.4. Reaction of 2-methyl furan (17) and 1-octene (20).

Reaction #
18b,d

Furan
(equiv.)
17 (1)

Electrophile
Precursor (equiv.)
20 (1)

Catalyst
(equiv.)
AlCl3 (0.06)

19a,d

17 (1)

20 (1)

20c,e

17 (1)

20 (0.67, 1)

21a,d

17 (1)

20 (1)

DOWEX 50WX2-100
(0.18 g)
Activated charcoal (0.5,
0.67)
FeCl3 (0.01)

Results
17g
20g
17g
20g
17h
20h
oligomerg

(a) Anhydrous dichloromethane used as solvent. (b) No solvent. (c) Refluxed/high temperature. (d) Room temperature. (e) Anhydrous
benzene used as solvent. (f) Analysis by GC-FID (g) Analysis by 1H NMR.
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Table 3.5. Reaction of 2-methyl furan (17) and cyclohexene (22).

Reaction #
22b,c

Furan
(equiv.)
17 (1)

Electrophile
Precursor (equiv.)
22 (1)

Catalyst
(equiv.)
HY Zeolite (65 mg)

Results
oligomerg

(a) Anhydrous dichloromethane used as solvent. (b) No solvent. (c) Refluxed/high temperature. (d) Room temperature. (e) Anhydrous
benzene used as solvent. (f) Analysis by GC-FID (g) Analysis by 1H NMR.

Table 3.6. Reaction of 2-methyl furan (17) and isopropyl acetate (23).

Reaction #
23b,d

Furan
(equiv.)
17 (1)

Electrophile
Precursor (equiv.)
23 (2)

24b,c

17 (1)

23 (2)

25b,c

17 (1)

23 (2)

Catalyst
(equiv.)
Sulfuric acid/acetic acid
(0.2, 1.8/1.4, 1.4)
Acetic acid (1.4)
Trifluoroacetic acid/acetic
acid
(2.0, 3.0/1.4, 1.6)

Results
oligomerg
17g
23g
17g
23g

(a) Anhydrous dichloromethane used as solvent. (b) No solvent. (c) Refluxed/high temperature. (d) Room temperature. (e) Anhydrous
benzene used as solvent. (f) Analysis by GC-FID (g) Analysis by 1H NMR.
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Table 3.7. Reaction of 2-methyl furan (17) and tert-butyl acetate (24).

Reaction #
26b,c

Furan
(equiv.)
17 (1)

Electrophile
Precursor (equiv.)
24 (2)

27b,c

17 (1)

24 (2)

Catalyst
(equiv.)
Sulfuric acid/acetic acid
(0.2/1.4)
Trifluoroacetic acid/acetic
acid (3.8/1.5)

Results
oligomerg
oligomerg

(a) Anhydrous dichloromethane used as solvent. (b) No solvent. (c) Refluxed/high temperature. (d) Room temperature. (e) Anhydrous
benzene used as solvent. (f) Analysis by GC-FID (g) Analysis by 1H NMR.

Table 3.8. Reaction of 5-methyl furfural (18) and 2-chloropropane (21).

Reaction #
28a,d
29a,c

Furfural
(equiv.)
18 (1)
18 (1)

Electrophile
Precursor (equiv.)
21 (1)
21 (1)

Catalyst
(equiv.)
ZnCl2 (0.01)
AlCl3 (0.67)

Results
18g
18g
21g

(a) Anhydrous dichloromethane used as solvent. (b) No solvent. (c) Refluxed/high temperature. (d) Room temperature. (e) Anhydrous
benzene used as solvent. (f) Analysis by GC-FID (g) Analysis by 1H NMR.
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Table 3.9. Reaction of 5-methyl furfural (18) and isopropyl acetate (23).6

Reaction #
30b,c

Furfural
(equiv.)
18 (1)

Electrophile
Precursor (equiv.)
23 (2.4)

Catalyst
(equiv.)
Sulfuric acid/acetic acid
(0.19/1.4)

Results
oligomerg
23g

(a) Anhydrous dichloromethane used as solvent. (b) No solvent. (c) Refluxed/high temperature. (d) Room temperature. (e) Anhydrous
benzene used as solvent. (f) Analysis by GC-FID (g) Analysis by 1H NMR.

Table 3.10. Reaction of 5-methyl furfural (18) and tert-butyl acetate (24).6

Reaction #
31b,c

Furfural
(equiv.)
18 (1)

Electrophile
Precursor (equiv.)
24 (2.1)

Catalyst
(equiv.)
TfOH (0.13)

Results
18g
24g

(a) Anhydrous dichloromethane used as solvent. (b) No solvent. (c) Refluxed/high temperature. (d) Room temperature. (e) Anhydrous
benzene used as solvent. (f) Analysis by GC-FID (g) Analysis by 1H NMR.
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Table 3.11. Reaction of furan (19) and 2-chloropropane (21).

Reaction #
32a,d

Furan
(equiv.)
19 (1)

Electrophile
Precursor (equiv.)
21 (0.77)

Catalyst
(equiv.)
ZnCl2 (0.008)

Results
19g
21g

(a) Anhydrous dichloromethane used as solvent. (b) No solvent. (c) Refluxed/high temperature. (d) Room temperature. (e) Anhydrous
benzene used as solvent. (f) Analysis by GC-FID (g) Analysis by 1H NMR.

3.3. Conclusions
Many conditions were explored to try and alkylate various furan derivatives. These
derivatives can be made from biorenewable sugars such as hexoses. If an alkylation reaction
did work we would have then performed a hydrogenation reaction to saturate the new furan
derivatives to achieve highly branched alkanes for use as fuel octane additives.
As described in the results and discussion section no formation of the target products
were observed. Through further investigation we can suggest that alkylation did not occur
through two possible routes. The first of which could be due to the protonation of the furan
derivative resulting in an electrophilic furan intermediate. This intermediate would no longer
be able to undergo nucleophilic attack of our alkyl electrophile. The protonated furan may
then be quenched during the basic workup which would result in the recovery of starting
material. The second case could explain why oligomerization was observed. The
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polymerization of furans is a known reaction where protic acids or Lewis acids in the
presence of water will lead to ring opening, condensation, or dehydration polymerization.
The specific type of reaction is unknown; however they could be obtained through further
experimental and mechanistic investigations.

3.4. Materials and Methods
3.4.1. General
All reagents, solvents, and catalysts were purchased from commercial suppliers. Reaction
mixtures were analyzed by commercial 1H NMR (Bruker Avance III 300 MHz 5 mm BBFO
probe and Bruker Avance III 500 MHz 5 mm BBFO/BBO probe). All reactions were
performed under inert conditions with high purity argon or nitrogen. Quantities of reagents
and catalysts are indicated by their molar equivalencies with respect to their furan derivative
unless otherwise indicated. General work-up procedure: all reactions with an acid catalyst
were neutralized with a saturated aqueous sodium bicarbonate solution and sequentially
washed with DI water and brine, the organic phase was extracted with either CH2Cl2 or
CHCl3 and dried over anhydrous Na2SO4.
3.4.2. Experimental
Reactions #’s listed below are referenced to reaction numbers pertaining to chapter 3
only and are used in direct correlation to the reaction numbers listed in Tables 3.1-3.11.
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Reaction #1 – In a round bottom flask MCM-41 was dried at 175˚C for 24 hrs. prior
to use. To this the DCM and AlCl3 and the reagents were mixed and stirred under Ar gas.
The mixture was then refluxed with a condenser for 1 hr. Worked-up following the general
work-up procedure was performed. The resulting mixture was then passed through a silica
gel plug prior to analysis.
Reaction #2 – In a round bottom flask Nafion SAC-13 was dissolved in DCM. Then
the reagents were added and stirred at reflux for 2 hrs. Worked-up following the general
work-up procedure was performed. The resulting mixture was then passed through a silica
gel plug prior to analysis.
Reaction #3 – In a pressure vessel reagents were dissolved in DCM followed by the
addition of Nafion SAC-13 and TfOH under Ar gas. The mixture was stirred at 120˚C for 2
hrs. Worked-up following the general work-up procedure was performed. The resulting
mixture was then passed through a silica gel plug prior to analysis.
Reaction #4 - In a pressure vessel reagents were mixed with Nafion SAC-13 Ar gas.
The mixture was stirred at 120˚C for 2 hrs. Worked-up following the general work-up
procedure was performed. The resulting mixture was then passed through a silica gel plug
prior to analysis.
Reaction #5 - In a round bottom flask reagents were dissolved in DCM followed by
the addition TfOH under Ar gas. The mixture was stirred at RT for 2 hrs. Worked-up
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following the general work-up procedure was performed. The resulting mixture was then
passed through a silica gel plug prior to analysis.
Reaction #6 - In a round bottom flask reagents were dissolved in DCM followed by
the addition of Montmorillonite K10 and AlCl3 under Ar gas. The mixture was stirred at RT
for 30 min. Worked-up following the general work-up procedure was performed. The
resulting mixture was then passed through a silica gel plug prior to analysis.
Reaction #7 - In a round bottom flask reagents were mixed with sulfated Zr(IV)
hydroxide under Ar gas. The mixture was stirred at RT for 4 hrs. Worked-up following the
general work-up procedure was performed. The resulting mixture was then passed through a
silica gel plug prior to analysis.
Reaction #8 - In a round bottom flask reagents were dissolved in DCM followed by
the addition of TFA Ar gas. The mixture was stirred at RT for 2 hrs. Worked-up following
the general work-up procedure was performed. The resulting mixture was then passed
through a silica gel plug prior to analysis.
Reaction #9 - In a round bottom flask reagents were dissolved in DCM followed by
the addition of Amberlite resin under Ar gas. The mixture was stirred at RT for 2 hrs.
Worked-up following the general work-up procedure was performed. The resulting mixture
was then passed through a silica gel plug prior to analysis.
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Reaction #10 - In a round bottom flask reagents were dissolved in DCM followed by
the addition of AlCl3 under Ar gas. The mixture was stirred at RT for 2 hrs. with a moisture
trap filled with CaCl2. Worked-up following the general work-up procedure was performed.
The resulting mixture was then passed through a silica gel plug prior to analysis.
Reaction #11 - In a round bottom flask reagents were dissolved in DCM followed by
the addition AlCl3 under Ar gas. The mixture was stirred at RT for 24 hrs. Worked-up
following the general work-up procedure was performed. The resulting mixture was then
passed through a silica gel plug prior to analysis.
Reaction #12 - In a round bottom flask reagents were mixed with ZnCl2 under Ar gas.
The mixture was stirred at 0˚C for 1 hr. with a moisture trap filled with CaCl2. Worked-up
following the general work-up procedure was performed. The resulting mixture was then
passed through a silica gel plug prior to analysis.
Reaction #13 - In a round bottom flask reagents were dissolved in DCM followed by
the addition of CuCl under Ar gas. The mixture was stirred at RT for 30 min. with a moisture
trap filled with CaCl2. Worked-up following the general work-up procedure was performed.
The resulting mixture was then passed through a silica gel plug prior to analysis.
Reaction #14 - In a round bottom flask reagents were mixed with ZnO under Ar gas.
The mixture was stirred at RT for 15 min. Worked-up following the general work-up
procedure was performed. The resulting mixture was then passed through a silica gel plug
prior to analysis.
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Reaction #15 - In a round bottom flask reagents were mixed with ZnO and
concentrated HCl under Ar gas. The mixture was stirred at RT for 30 min. Worked-up
following the general work-up procedure was performed. The resulting mixture was then
passed through a silica gel plug prior to analysis.
Reaction #16 - In a round bottom flask reagents were mixed with 5% wt FeCl3 on
SiO2 under Ar gas. The mixture was stirred at RT for 30 min. with a moisture trap filled with
CaCl2. Worked-up following the general work-up procedure was performed. The resulting
mixture was then passed through a silica gel plug prior to analysis.
Reaction #17 - In a round bottom flask reagents were mixed with FeCl3 under Ar gas.
The mixture was stirred at RT for 15 min. with a moisture trap filled with CaCl2. No work-up
was performed reaction was a thick viscous oil.
Reaction #18 - In a vial reagents were mixed with AlCl3 and capped. The mixture was
stirred at RT for 1 hr. with a moisture trap, syringe/needle, filled with CaCl2. Worked-up
following the general work-up procedure was performed. The resulting mixture was then
passed through a silica gel plug prior to analysis.
Reaction #19 - In a vial reagents were dissolved in DCM followed by addition of
DOWEX 50WX2-100 and capped. The mixture was stirred at RT for 1 hr. with a moisture
trap, syringe/needle, filled with CaCl2. Worked-up following the general work-up procedure
was performed. The resulting mixture was then passed through a silica gel plug prior to
analysis.
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Reaction #20 - In a pressure vessel reagents were dissolved in benzene followed by
the addition of activated charcoal under Ar gas. The mixture was stirred at 100˚C for 4 hrs.
The resulting mixture was analyzed by TLC.
Reaction #21 - In a vial reagents were dissolved in DCM followed by addition of
FeCl3 and capped. The mixture was stirred at RT for 1 hr. with a moisture trap,
syringe/needle, filled with CaCl2. Worked-up following the general work-up procedure was
performed. The resulting mixture was then passed through a silica gel plug prior to analysis.
Reaction #22 - In a pressure vessel reagents were mixed with HY zeolite under Ar
gas. The mixture was stirred at 120˚C for 1 hr. The resulting mixture was then passed
through a silica gel plug prior to analysis.
Reaction #23 – In a round bottom flask acetic acid and sulfuric acid were mixed.
Through an addition funnel the reagents dissolved in acetic acid were added to the acetic
acid/sulfuric acid mixture over a 30 min. period of time. The reaction was then stirred at RT
for 2 hrs. under Ar gas. Worked-up following the general work-up procedure was performed.
The resulting mixture was then passed through a silica gel plug prior to analysis.
Reaction #24 – To a round bottom flask acetic acid was added. Then in an addition
funnel reagents were mixed and added dropwise over a 15 min. period of time. The mixture
was stirred at 55˚C for 23 hrs. under Ar gas. Worked-up following the general work-up
procedure was performed. The resulting mixture was then passed through a silica gel plug
prior to analysis.
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Reaction #25 – To a round bottom flask acetic acid and TFA were added followed by
the addition of the reagents. The mixture was then stirred at 55˚C for 17 hrs. under Ar gas.
Worked-up following the general work-up procedure was performed. The resulting mixture
was then passed through a silica gel plug prior to analysis.
Reaction #26 - To a round bottom flask acetic acid and sulfuric acid was added. Then
in an addition funnel reagents were mixed and added dropwise over a 20 min. period of time.
The mixture was stirred at RT for 24 hrs. under Ar gas. Worked-up following the general
work-up procedure was performed. The resulting mixture was then passed through a silica
gel plug prior to analysis.
Reaction #27 - In a pressure vessel acetic acid and TFA were combined followed by
the addition of the reagents under Ar gas. The mixture was stirred at 92˚C for 17 hrs.
Worked-up following the general work-up procedure was performed. The resulting mixture
was then passed through a silica gel plug prior to analysis.
Reaction #28 - In a round bottom flask reagents were dissolved in DCM followed by
the addition of ZnCl2 under Ar gas. The reaction was then stirred at RT for 1 hr. Worked-up
following the general work-up procedure was performed. The resulting mixture was then
passed through a silica gel plug prior to analysis.
Reaction #29 - In a round bottom flask reagents were dissolved in DCM followed by
the addition of AlCl3 under Ar gas. The mixture was stirred at RT for 1 hr. with a moisture
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trap filled with CaCl2. Worked-up following the general work-up procedure was performed.
The resulting mixture was then passed through a silica gel plug prior to analysis.
Reaction #30 - In a round bottom flask reagents were mixed with acetic acid and
sulfuric acid under Ar gas. The mixture was stirred at 58˚C for 26 hr. Worked-up following
the general work-up procedure was performed. The resulting mixture was then passed
through a silica gel plug prior to analysis.
Reaction #31 - In a round bottom flask reagents were mixed with TfOH under Ar gas.
The mixture was stirred at 60˚C for 3 hrs. Worked-up following the general work-up
procedure was performed. The resulting mixture was then passed through a silica gel plug
prior to analysis.
Reaction #32 - In a round bottom flask reagents were dissolved in DCM followed by
the addition of ZnCl2 under Ar gas. The mixture was stirred at RT for 1 hr. with a moisture
trap filled with CaCl2. Worked-up following the general work-up procedure was performed.
The resulting mixture was then passed through a silica gel plug prior to analysis.
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CHAPTER 4
SUPERELECTROPHILIC DIELS-ALDER REACTION OF IMINES WITH ETHYLENE

4.1. Introduction
Development of aromatic and nonaromatic heterocycles has become vital to the modern
chemical industry. The importance of these structures are vast and have expanded the
development of pharmaceuticals, agro-chemicals, cosmetics, and consumer products. Preparation
of heterocyclic compounds can be achieve through the assembly of acyclic intermediates. A
useful method to acquire cyclic compounds from acyclic building blocks was developed by Diels
and Alder. The method for creating cyclic compounds has been coined the Diels-Alder
cycloaddition reaction and they received the 1950 Nobel Prize for this chemistry. This type of
reaction utilizes conjugated dienes which undergo the cyclo-addition reaction with an alkene,
also known as the dienophile, to produce cyclohexene products. In addition to the carbon
centered Diels-Alder reactions, there are also heterocyclic type reactions. These reactions are
aza-Diels-Alder for nitrogen based dienes or dienophiles such as imines and iminium ions as
well as oxo-Diels-Alder for oxygen based dienophiles such as carbonyls.
Diels-Alder reactions occur neither through a polar nor radical intermediates, but rather
through a concerted pericyclic process to form new bonds and the ring in a single step.1 This
single step process is achieved via redistribution of bonding electrons by overlap of two alkene p
orbitals with the two p orbitals on carbons 1 and 4 of the diene to acquire the endo-cyclohexene
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product, (Scheme 4.1). This phenomenon can be described by the molecular orbital theory (MO
theory). Respective of pericyclic reactions the MO theory tells us that the p orbitals on the sp2hybridized carbons of the conjugated diene will interact to form a set of π molecular orbitals of
which the energies will depend upon the number of nodes between the nuclei.2 The MO’s with
less nodes result in lower energies than the individual p atomic orbitals and result in bonding
MO’s. Whereas, the MO’s with more nodes will result in higher energies than the isolated p
orbitals and are then described as anti-bonding MO’s, Figure 4.1. To determine whether or not
bond formation will occur, Fukui of Kyoto Imperial University of Japan derived a simplified
model to follow. This model is now known at the Frontier Molecular Orbital Theory (FMO
Theory) and examines only two of the molecular orbitals coined frontier orbitals.2 These FMO’s
are the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO).
Scheme 4.1. Mechanism of the Diels-Alder cycloaddition reaction. This reaction occurs through
a single step pericyclic transition state in which two new carbon-carbon bonds form
simultaneously where x is an electron withdrawing group.1
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Figure 4.1. Pi molecular orbitals of (a) ethylene and (b) 1,3-butadiene.2
Ethylene is the simplest carbon-carbon π system that exists. Light olefins such as
ethylene are good reagents for chemical synthesis due to its vast abundance and low cost.3
Utilization of ethylene in Diels-Alder reactions has been limited due to its high energy LUMO as
a dienophile.
For this reason we sought to make ethylene a useful dienophile through manipulation of
our diene to lower its LUMO with this strategy, we sought to obtain useful yields of cyclic
products. In the case of a highly electrophilic diene we are utilizing an inverse electron demand
Diels-Alder type reaction. An inverse electron demand cycloaddition results from the
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electrophilic nature of the diene (LUMO) driving the cyclization with the dienophile (HOMO),
Figure 4.2. This switch in electrophilicity is cause for the swapping of the HOMO and LUMO
between the diene and the dienophile as well as the decrease in energy of the LUMO and
increase of the HOMO resulting in a lower energy barrier.2 Furthermore, the understanding that
superelectrophilic intermediates with π-conjugation exhibit decreased LUMO energies tells us
that it would act as a reactive diene, perhaps even reacting with ethylene. Superelectrophiles are
compounds that possess large decreases in electron density due to multiple cationic charges.4 A
multiply-charged diene has the potential to participate in a superelectrophilic cycloaddition- a
new class of reactions.
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Figure 4.2. Normal electron demand (left) with electron rich diene and electron poor dienophile.
Inverse electron demand (right) with electron poor diene and electron rich dienophile.2

As mentioned before aromatic and nonaromatic heterocycles are vital to many industrial
and commercial sectors. It can be found that 59% of all U.S. FDA approved drugs contain Nheterocycles while 50% of agro-chemicals contain N-heterocyclic moieties.5,6 Due to the
importance of N-heterocycles we sought to utilize conjugated nitrogen containing dienes,
conjugated imines, and ethylene to create novel routes to N-heterocycles. To allow for use of
mild reaction conditions we must first activate our conjugated imine by creating a
superelectrophilic intermediate which will result in a decreased LUMO allowing for better
pericyclic addition to ethylene. This was achieved through the use of a pyridine substituent in
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which both nitrogen’s, the pyridine and imine, would become protonated resulting in a highly
charged superelectrophilic intermediate, Scheme 4.2.
Scheme 4.2. Protonation of imine and pyridine by a protic-acid to achieve a highly charged
superelectrophilic intermediate to use for Diels-Alder cycloaddition reactions with
ethylene.

4.2. Results and Discussions
Preparations of imines were performed in the laboratory through the condensation
reaction of commercially purchased aromatic N-heterocyclic carboxaldehydes (1 equiv.) with
aniline derivatives (1 equiv.). Water was removed by azeotropic distillation with benzene using a
Dean-Stark trap for 3-4 hrs. Resulting imines were then purified through column
chromatography only if purity was less than 99% verified by TLC and GC-MS.
Reactions of imines with ethylene were performed under varying pressure conditions,
either high pressure or low pressure (1 atm). These high and low pressure reactions were
performed either through the use of a pressure reactor or the use of a latex balloon or a glass
aspirator. The results of the reactions performed have suggested that the best delivery method for
ethylene is through a glass aspirator. In these cases conversion to only the aromatic product was
observed. The best results obtained was that of imine 42 reacted with ethylene, aspirated, in
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trifluoroacetic acid. This reaction resulted in only the aromatic product 42b with an 85% yield,
Scheme 4.3.

Scheme 4.3. Aza-Diels-Alder mechanism for the superelectrophilic cycloaddition reaction of
imine 42 with ethylene to afford products 42a and/or 42b.

The superelectrophilic cycloaddition reaction was also performed in a pressure reactor.
However, results showed either no conversion to cyclic products or a mixture of aromatic and
nonaromatic N-heterocycles. This was noted for reactions such as that of imine 40 reacted with
150 psi of ethylene in trifluoroacetic acid. The resulting mixture showed 40% conversion to 40a
and 60% conversion to 40b confirmed by TLC and GC-MS. Whereas, when the same reaction
was performed at 170 psi of ethylene only product 40b was observed along with starting imine
40, Figure 4.3.
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Figure 4.3. In some cases nonaromatic (left) and/or aromatic (right) products were observed.
These resulting mixtures led me to believe that there was improper purging of the reactor
resulting in the presence of atmospheric oxygen. As a result we took a more vigorous approach
to purging the reactor with no success. In addition, the reactions performed within the pressure
reactor did not always work which led to the belief that there was insufficient dissolution of
ethylene (non-polar) into our acidic media (polar). To overcome this issue we choose to bubble
ethylene gas through our acidic solution via a glass aspirator. As a result of switching the
ethylene delivery method only aromatic products were observed. This was puzzling because the
expected product should be unaromatic following the rules of a Diels-Alder cycloaddition
reaction. It was for this reason that we believe ethylene in the presence of an acid will act as an
oxidizer. This theory was test by the reaction of 1,2,3,4-tetrahydroquinoline 43 with ethylene in
the presence of TFA to see if oxidation occurs. The results confirmed our theory through a
13% conversion of 43 to 43a and will require further investigation as to how this process works,
Scheme 4.4.
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Scheme 4.4. Proposed mechanism for ethylene/acid promoted oxidation of N-heterocycles.

4.2.1. Superelectrophilic Reactions of Imines with Ethylene
Table 4.1. Reaction of imine (35) and ethylene (36).

Reaction #
1a
2a
3

Imine
35
35
35

Ethylene Delivery (36)
150 psi
150 psi
Balloon

Acid
TfOH
TFA
TFA

Results
oligomere
35ae
35ae,f

(a) Mechanically stirred pressure reactor. (b) Magnetic stirred pressure reactor. (c) Room temperature. (d) Elevated temperature. (e) Analysis by
GC-MS. (f) Analysis by TLC. (g) Analysis by 1H NMR. (h) % conversion by GC-MS. (i) % yield by mass.
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Table 4.2. Reaction of imine (37) and ethylene (36).

Reaction #
4a

Imine
37

Ethylene Delivery (36)
150 psi

Acid
TFA

(-) Inconclusive results via TLC, GC-MS and 1H NMR. (a) Mechanically stirred pressure reactor.

Results
(-)

Table 4.3. Reaction of imine (38) and ethylene (36).

Reaction #
5

Imine
38

Ethylene Delivery (36)
150 psi

Acid
TFA

Results
38e

(a) Mechanically stirred pressure reactor. (b) Magnetic stirred pressure reactor. (c) Room temperature. (d) Elevated temperature. (e) Analysis by
GC-MS. (f) Analysis by TLC. (g) Analysis by 1H NMR. (h) % conversion by GC-MS. (i) % yield by mass.
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Table 4.4. Reaction of imine (39) and ethylene (36).

Reaction #
6a
7a

Imine
39
39

Ethylene Delivery (36)
150 psi
Balloon

Acid
TFA
TFA

Results
39be
39f

(a) Mechanically stirred pressure reactor. (b) Magnetic stirred pressure reactor. (c) Room temperature. (d) Elevated temperature. (e) Analysis by
GC-MS. (f) Analysis by TLC. (g) Analysis by 1H NMR. (h) % conversion by GC-MS. (i) % yield by mass recovery.

Table 4.5. Reaction of imine (40) and ethylene (36).

Reaction #
8a
9a

Imine
40
40

Ethylene Delivery (36)
150 psi
170 psi

Acid
TFA
TFA

Results
40ae,f,h (40%), 40be,f,h (60%)
40e, 40be

(a) Mechanically stirred pressure reactor. (b) Magnetic stirred pressure reactor. (c) Room temperature. (d) Elevated temperature. (e) Analysis by
GC-MS. (f) Analysis by TLC. (g) Analysis by 1H NMR. (h) % conversion by GC-MS. (i) % yield by mass recovery.
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Table 4.6. Reaction of imine (41) and ethylene (36).
F
N

F
H

H

Protic Acid

H

Basic work-up

N
H

36

41

Reaction #
10a
11
12b

Imine
41
41
41

N

N
H

F

and/or

41a

Ethylene Delivery (36)
150 psi
Balloon
170 psi

Acid
TFA
TFA
TFA

N

N

41b

Results
41be,f,h (40%), 41e,f
41ae,h (10%), 41e
e,f,h
41a (60%), 41be,f,h (40%)

(a) Mechanically stirred pressure reactor. (b) Magnetic stirred pressure reactor. (c) Room temperature. (d) Elevated temperature. (e) Analysis by
GC-MS. (f) Analysis by TLC. (g) Analysis by 1H NMR. (h) % conversion by GC-MS. (i) % yield by mass recovery.

Table 4.7. Reaction of imine (42) and ethylene (36).

Reaction #
13b
14
15
16

Imine
42
42
42
42

Ethylene Delivery (36)
170 psi
Balloon
Aspirator w/o cold finger
Aspirator w/cold finger

Acid
TFA
TFA
TFA
TFA

Results
42ae,f,h (3%), 42be,f,h (85%)
oligomere
42be,h (20%), 42e
42be,g,i (85%)

(a) Mechanically stirred pressure reactor. (b) Magnetic stirred pressure reactor. (c) Room temperature. (d) Elevated temperature. (e) Analysis by
GC-MS. (f) Analysis by TLC. (g) Analysis by 1H NMR. (h) % conversion by GC-MS. (i) % yield by mass recovery.
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4.2.2. Oxidation Test
Table 4.8. Reaction of N-heterocycle (43) and ethylene (36).

Reaction #
17

N-heterocycle
43

Ethylene Delivery (36)
Aspirator w/ cold finger

Acid
TFA

Results
43ae,h (13%), 43e

(a) Mechanically stirred pressure reactor. (b) Magnetic stirred pressure reactor. (c) Room temperature. (d) Elevated temperature. (e) Analysis by
GC-MS. (f) Analysis by TLC. (g) Analysis by 1H NMR. (h) % conversion by GC-MS. (i) % yield by mass recovery.

4.3. Conclusion
The importance of researching new methods to achieve N-heterocyclic substructures has
become prevalent in today’s society. These structures have become the backbone of many
industrial sectors such as the pharmaceutical and agro-chemical industries’ with 59% of U.S.
FDA approved drugs containing N-heterocycles as well as 50% of all agro-chemicals.5,6 It was
our goal to find a new synthetic strategy to develop these structures in the most efficient way
possible. This led to the examination of the Diels-Alder cycloaddition reaction and how we may
be able to adopt this pericyclic reaction to create N-heterocycles. Since we wanted to use
ethylene, a low cost light olefin, as our dienophile we had to create an electrophilic diene to
allow for inverse electron demand cycloaddition since ethylene alone is a poor dienophile.
Through the use of acidic media we were able to make our aza-diene superelectrophilic causing a
decrease in its LUMO.7 Throughout my research many hurdles were encounter such as no
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formation of cyclic products, formation of a mixture of aromatic and unaromatic cyclic products,
as well as oligomerization of ethylene. It was found the best method for synthesis of these Nheterocyclic compounds was through the use of a glass aspirator to deliver our ethylene (nonpolar) into our acidic media (polar). The resulting products were then only of the aromatic
species which created even more confusion. A hypothesis was derived that the ethylene in the
presence of an acid could act as an oxidant. This theory was tested with 1,2,3,4tetrahydroquinoline 43 to find that our theory was verified through the examination of the 13 %
conversion to the unsaturated quinoline product 43a confirmed by GC-MS.

4.4. Materials and Methods
4.4.1. General
Imine preparation was performed in the laboratory thru the condensation reaction of
commercially purchased aromatic N-heterocyclic carboxaldehydes (1 equiv.) with aniline
derivatives (1 equiv.). Water was captured through azeotropic distillation with benzene.
Reactions were performed between 100-110˚C for 3-4 hrs. using TLC to follow the progress of
the reaction. Resulting imines were then purified through column chromatography only if purity
was less than 99% verified by TLC and GC-MS.
Following preparation of the imine the cycloaddition reactions were performed by one of
two methods based upon high or low pressure conditions (1 atm). High pressure conditions were
performed at either 150 psi or 170 psi of ethylene. These reactions were conducted using a glass
lined pressure reactor which was either mechanically stirred or magnetically stirred. In addition,
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when a pressure reactor was utilized the reactor was purged 3 times with ethylene for each
reaction performed. Pressurized reactions were performed at room temperature. The low pressure
conditions were performed through use of either a balloon attached to a syringe casing with a
needle inserting to the flask through a septum. While in other low pressure cases a glass aspirator
was used. This aspirator was made in-house by welding a porous glass frit inside the end of a
glass tube. These reactions were performed so that the surface of the solution contained an even
layer of small bubbles, approximately 2 mm or smaller in diameter.
Furthermore, reactions performed under high pressure were done so with an excess, 4
mL, of acid and 50-100 mg of imine for a period of 24 hrs. While reactions performed at low
pressure (1 atm) were done so with an excess, 7-8 mL, of acid and 50-100 mg of imine for a
period of 24 hrs. for reactions performed with a balloon and 3 hrs. for reactions performed with
an aspirator. A larger volume of acid was used under low pressure conditions due to evaporation.
In addition, reactions performed with the aspirator were open to air with an argon or
nitrogen gas purge and acid vapors were captured through use of a cold finger with dry ice in
acetone. All reactions performed with an acid were quench with ice and neutralized with aqueous
NaOH until solution pH was >8.0. Following neutralization, reaction mixtures were sequentially
washed with water and brine using reagent grade chloroform to extract the organic layer and
dried over anhydrous Na2SO4. All reaction mixtures were analyzed by TLC and/or GC-MS
equipped with capillary DB-5 column. In some cases when high conversion was achieved
analysis through 1H NMR (Bruker Avance III 300 MHz 5 mm BBFO probe and Bruker Avance
III 500 MHz 5 mm BBFO/BBO probe) was performed.
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CHAPTER 5
VARIOUS PRELIMINARY STUDIES

5.1. Alkene Addition of Ester Derivatives at the α-Position
The ability to functionalize ester derivatives will allow for design of commodity chemical
reagents from biorenewable carbon such as biodiesel. The importance of utilizing biorenewable
resources has become a large endeavor among many industrial sectors especially in the energy
and consumer goods markets. Society has placed a large demand upon these markets to try and
help preserve the world’s resources for future generations as well as person awareness of adverse
health and environmental affects that are commonly associated with non-biorenewable based
products such as Styrofoam as well as the production of these products. Through the alkylation
of ester derivatives at the α-position followed by tautomerization and olefin metathesis with
ethylene it is suspected that some petro-based commodity chemicals can be replaced by a
biorenewable source; such as methyl methacrylate, a common monomer used in the polymer
industry, Scheme 5.1. In order to accomplish this endeavor an efficient route for the addition of
alkenes in the α-position of varying ester derivatives must be accomplished. It is well known that
the α-position of esters contains acidic protons. We will take advantage of this phenomenon and
use the Aldol condensation reaction to try and accomplish our goal, Scheme 5.2.
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Scheme 5.1 Proposed preparation of methyl methacrylate from alkylated esters.

Scheme 5.2 Aldol condensation of ester derivatives with aldehyde to afford alkylated esters.

5.1.1. Results and Discussions
A variety of ester derivatives were reacted with various aldehydes in the attempt to
alkylate esters at their α-position. Basic catalysts were used to extract the acidic protons from the
α-position to create a reactive intermediate. Likewise, some acid catalysts were selected to try
and activate the carbonyl of the ester. In all cases there was no observable addition of alkenes to
the esters. The methods of TLC and GC-MS were implemented in the evaluation of the reaction
mixtures. The resulting evaluations of these mixtures all showed starting material without any
product formation.
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5.1.2. Alkene Addition Reactions

Phenyl phenylacetate 44 (1.29 g) was dissolved in 5

mL of anhydrous

dimethylformamide (DMF) and potassium carbonate (1.31 g). To this paraformaldehyde 45 (240
mg) was titrated and left to stir at 90ºC for 6 hrs. under an argon environment. The resulting
reaction mixture showed starting material 44 and 45 confirmed by TLC and GC-MS.

Phenyl phenylacetate 44 (129 mg) was dissolved in 0.5 mL of anhydrous
dimethylacetamide (DMA) and potassium carbonate (131 mg). To this paraformaldehyde 45 (24
mg) was titrated and left to stir at 90ºC for 13 hrs. under an argon environment. The resulting
reaction mixture showed starting material 44 and 45 confirmed by TLC and GC-MS.
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Methyl stearate 46 (182 mg) was dissolved in 0.5 mL of anhydrous dimethylacetamide
(DMA) and potassium carbonate (131 mg). To this paraformaldehyde 45 (29 mg) was titrated
and left to stir at 90ºC for 9 hrs. under an argon environment. The resulting reaction mixture
showed starting material 46 and 45 confirmed by TLC and GC-MS.

Methyl stearate 46 (182 mg) was dissolved in 2 mL of methanol (MeOH) and potassium
carbonate (131 mg). To this paraformaldehyde 45 (29 mg) was titrated and left to stir at 65ºC for
20 hrs. under an argon environment. The resulting reaction mixture showed starting material 46
and 45 confirmed by TLC and GC-MS.
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Methyl stearate 46 (182 mg) was dissolved in 2 mL of methanol (MeOH), 5 mL of
dichloromethane (DCM) and sodium hydroxide (600 mg). To this formaldehyde dimethyl acetal
47 (1.32 mL) was titrated and left to stir at RT for 24 hrs. under an argon environment. The
resulting reaction mixture starting material 46 and 47 confirmed by TLC and GC-MS.

Methyl stearate 46 (4.48 g) and formaldehyde dimethyl acetal 47 (1.32 mL) was
dissolved in 15 mL of dichloromethane (DCM). To this piperidine (1.3 mL) was titrated and left
to stir at RT for 22 hrs. under an argon environment. The resulting reaction mixture showed
starting material 46 and 47 confirmed by TLC and GC-MS.

72

Methyl stearate 48 (60 mg) was dissolved in 0.5 mL of methanol (MeOH) and sodium
hydroxide (NaOH) (8 mg). To this benzaldehyde 49 (0.02 mL) was titrated and left to stir at RT
for 69 hrs. under an argon environment. The resulting reaction mixture showed starting material
48 and 49 confirmed by TLC and GC-MS.
Methyl stearate 48 (60 mg) was dissolved in 2 mL of methanol (MeOH) and sodium
hydroxide (NaOH) (8 mg). To this benzaldehyde 49 (0.02 mL) was titrated and left to stir at
66ºC for 6.5 hrs. under an argon environment. The resulting reaction mixture showed starting
material 48 and 49 confirmed by TLC and GC-MS.

Methyl stearate 48 (60 mg) was dissolved in 2 mL of methanol (MeOH) and sodium
methoxide in methanol 25 wt% (0.1 mL). To this benzaldehyde 49 (0.2 mL) was titrated and left
to stir at 65ºC for 6 hrs. under an argon environment with reflux condenser. The resulting
reaction mixture showed starting material 48 and 49 confirmed by TLC and GC-MS.
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Methyl stearate 48 (4.48 g) was combined with benzaldehyde 49 (1.52 mL). Then 4polyvinyl pyridine (PVP) (630 mg) was added and stir at 135ºC for 4 hrs. under an argon
environment with short path reflux condenser. The resulting reaction mixture showed starting
material 48 and 49 confirmed by TLC and GC-MS.

Methyl stearate 48 (4.48 g) and benzaldehyde 49 (1.52 mL) were dissolved in 10 mL of
dichloromethane (DCM). Then titanium tetrachloride (77 mg) and triethylamine (2.10 mL) was
added and stir at RT for 3 hrs. with a drying chamber attach filled with calcium chloride. The
resulting reaction mixture showed starting material 48 and 49 confirmed by TLC and GC-MS.
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5.1.3. Materials and Methods
5.1.3.1. General
All reagents, solvents and catalysts used were purchased commercially. Evaluation of
reaction mixtures were performed by TLC, GC-MS (equipped with capillary DB-5 column),
and/or 1H NMR (Bruker Avance III 300 MHz 5 mm BBFO probe and Bruker Avance III 500
MHz 5 mm BBFO/BBO probe). Any reactions utilizing basic initiators or catalysts were
quenched with 10 mL of distilled (DI) water and adjusted to pH 7.0 using a molar equivalency of
aqueous HCl to base added. Following neutralization the reaction mixtures were sequentially
washed with DI water (x3) and brine while the organic layer was extracted with ethyl acetate.
The mixture was then dried over anhydrous Na2SO4.

5.2. Ru-PNN Catalyzed Amide Formation from Silylamines
Herein, we have explored the capabilities for Milstein’s Ru-PNN pincer complex to
synthesis amides from silylamines. Milstein et al.3 designed a ruthenium-based catalyst for the
dehydrogenation of alcohols and amines to form amides as well as alcohols to generate esters.
These dehydrogenation reactions have been shown to be reversible in nature,1,2 Scheme 5.2, and
thus removal of the hydrogen gas byproduct is essential to drive conversions to higher yields.1
Due to the easy of hydrogen extraction from the amine we suspect trimethylsilyl’s (TMS) would
likewise be a good leaving group within the catalytic cycle due to its similarities in bonding
nature with that of hydrogen. TMS is commonly used as a protecting group to retain certain
functionalities under harsh reaction conditions as well as to increasing volatility of compounds
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for analysis by gas chromatography and mass spectrometry. The purpose to choosing TMS is
because of its ease of transfer with a hydrogen atom. With respect to our study the resulting
byproduct in the case of TMS would become a hydrogenated TMS or trimethylsilane. We have
explored this reaction using alcohols as demonstrated by Milstein as well as aldehydes an
intermediate within the catalytic cycle of Ru-PNN.

Scheme 5.3. Mechanism for amide formation from amine and alcohol via Ru-PNN pincer
complex.3
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5.2.1. Results and Discussions
Silylamines 50 and 52/53 were reacted with benzaldehyde or dodecanol in the presence
of Ru-PNN catalyst. This catalyst was activated with a molar equivalence of potassium tertbutoxide and stirred at varying temperatures in organic solvents. In all cases the formation of
amides were not observed. These reaction mixtures contained only starting material confirmed
by TLC as well as GC-FID. The purpose for using GC-FID for identification was because trace
inorganic materials may be processed without damaging the instrument. In the case of using the
GC-FID one would expect peaks associated with reagents, catalysts and initiators used within the
reaction. In order to identify if a new component is present a new peak or set of peaks would
need to be observed within the spectra which would differ from the individual spectra of each
starting component analyzed independently.

5.2.2. Materials and Methods
5.2.2.1. General
All reagents, solvents and catalysts used were purchased commercially. Evaluation of
reaction mixtures were performed by TLC, GC-FID equipped with capillary DB-5 column (gas
chromatography- flame ionization detection). Prior to analysis, the catalyst was removed from
the reaction mixtures through column chromatography.
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5.2.2.2. Reactions of Silylamines with Aldehydes and Alcohols

Ru-PNN (24.6 mg) was activated with potassium tert-butoxide (7.2 mg) in 5 mL of
anisole. To this benzaldehyde 51 (0.01 mL) and silylamine 50 (0.02 mL) were stirred into
solution. The reaction was stirred under argon at RT for 24 hrs. The resulting reaction mixture
showed starting material 50 and 51 confirmed by TLC and GC-FID.
Ru-PNN (24.6 mg) was activated with potassium tert-butoxide (7.2 mg) in 5 mL of
anhydrous 1,4-dioxane. To this benzaldehyde 51 (0.01 mL) and silylamine 50 (0.02 mL) were
stirred into solution. The reaction was stirred under argon at 80ºC for 24 hrs. The resulting
reaction mixture showed starting material 50 and 51 confirmed by TLC and GC-FID.

Ru-PNN (13 mg) was activated with potassium tert-butoxide (4.0 mg) in 2 mL of
anhydrous 1,4-dioxane. To this benzaldehyde 51 (0.5 mL) and silylamine 52 (0.5 mL) were
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stirred into solution. The reaction was stirred under argon at 65ºC for 70 hrs. The resulting
reaction mixture showed starting material 51 and 52 confirmed by TLC and GC-FID.

Ru-PNN (13 mg) was activated with potassium tert-butoxide (4.0 mg) in 2 mL of
anhydrous 1,4-dioxane. To this dodecanol 54 (0.5 mL) and silylamine 53 (0.5 mL) were stirred
into solution. The reaction was stirred under argon at 65ºC for 70 hrs. The resulting reaction
mixture showed starting material 53 and 54 confirmed by TLC and GC-FID.
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